In the present paper a model system is described utilizing suspensions of peripheral blood leukocytes in which glycogen synthesis and degradation can be studied.
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Leukocyte suspensions containing 72-94%o granulocytes were prepared essentially free of platelets and erythrocytes and consisted almost entirely of neutrophile granulocytes. Initial glycogen content averaged 7.36 + 2.05 mg/109 neutrophiles. In a glucose-free medium glycogenolysis took place with glycogen losses averaging 38%o in 2 hr. When adequate glucose was added to the medium, glycogen was resynthesized to the original level.
Glycogen resynthesis was studied with varying glucose "loads" to determine (a) the glucose level which was adequate for cell maintenance without utilization of glycogen stores, and (b) the glucose level which provided maximal glycogen resynthesis. With cell densities of 20-50 x 100/ml the minimum glucose load which allowed maintenance of glycogen stores was 2 mg and 5.3 mg/109 neutrophiles for 30 and 60 min, respectively.
During resynthesis with glucose-'4C, as much as 88.9%o of the intracellular radioactivity could be found in glycogen. Leukocyte glycogen was made radioactive by a "pulse" of glucose-14C followed by a "chase" with nonradioactive glucose.
INTRODUCTION
Among circulating blood cells in man, glycogen occurs primarily in leukocytes and platelets (1) (2) (3) . Erythrocytes may contain minute amounts of glycogen, but the levels reported are over a 1000-fold less per cell than in leukocytes (4) . Of the leukocytes, normal lymphocytes contain little or no glycogen (1, 2) , and monocytes contain relatively small amounts of stainable glycogen (1) (2) (3) . There is controversy as to whether eosinophile and basophile granulocytes contain glycogen (1, 3) , but these cells are present in relatively small numbers in peripheral blood. Thus neutrophile granulocytes account for the vast majority of leukocyte glycogen.
It has been shown (5, 6 ) that the glycogen content of leukocyte suspensions decreases when the cells are incubated in medium without glucose. 344 The Journal of Clinical Investigation Volume 47 1968 Glycogen is resynthesized to the original level when adequate glucose is added. This phenomenon provides a useful in vitro system in which glycogen metabolism of leukocytes can be studied readily. The studies reported in this paper delineate some basic characteristics of glycogen synthesis and degradation in this system to provide a basis for more detailed studies of the nature of the glycogen molecule and the control of its utilization.
Studies of the macromolecular state of glycogen synthesized under these conditions are reported in a second paper (7) .
METHODS
Preparation of leukocyte suspensions. Venous blood was collected from normal adult male and female donors into sterile graduated cylinders containing 10 ml of 2%o disodium ethylenediaminetetraacetate (EDTA) and 20 ml of 6% dextran in 0.9% NaCl 1 for each 100 ml of blood. The contents were mixed by inversion and the cylinder allowed to stand in an incubator at 370C for 1 hr. The plasma was drawn off and centrifuged at 225 g at 50C.
Remaining erythrocytes were lysed (8) by the addition of 2 ml of cold 0.24% saline to the pellet. The mixture was agitated by repeated pipetting with a Pasteur pipette for no more than 30 sec after which 4 ml of 0.9% NaCl was added and mixed before centrifugation as before. Two additional washes were carried out with glucosefree Hanks' (9) solution (GFH) prepared in the laboratory and sterilized before use by Millipore filtration. 1000 U each of penicillin and streptomycin and 0.01 ml of 2%o EDTA were routinely added to each 10 ml of Hanks' solution. The leukocyte pellet was finally resuspended in GFH (2.5 ml/100 ml of original volume of blood) and leukocytes were counted in duplicate (10) . Differential counts of neutrophiles vs. mononuclear cells were made from the counting chambers at a magnification of 450. The results were found to be no different from differential counts made on Wright's-stained smears of the preparations. Eosinophiles, like lymphocytes, tended to remain with the platelets so the counts were expressed as neutrophiles rather than granulocytes. Erythrocyte contamination was five red cells or less/100 neutrophiles. Platelets contamination was negiligible as determined by stained smears and phase microscopy.
Viability of cells as determined by trypan blue exclusion (8) showed 1% stained cells.
Incubation procedure. Cell suspensions were adjusted when necessary to a cell density of 20-50 X 106 neutrophiles/ml. At concentrations less than 15 X 106/ml glycogen synthesis was about half that at concentrations between 20 and 50 X 106/ml. The 
RESULTS
Glycogenolysis in glucose-free medium. Leukocyte suspensions prepared as described under Methods averaged 83%o neutrophiles (range 72-94%o) and represented a recovery of an average 99.6 X 108 neutrophiles/100 ml of blood (range 33-186 x 106). When suspensions were incubated in GFH at 370C, glycogenolysis began immediately. The initial rate of glycogen degradation was more rapid than at later time intervals in the 2 hr incubation period. The initial mean content of glycogen was 7.36 + 2.05 SE mg glycogen/ 109 granulocytes (range 3.30-11.0). At the end of the 2 hr incubation, in the absence of glucose, the average glycogen content was 4.53 ± 0.21 SE mg glycogen/109 granulocytes (range 2.19-6.19). Thus, the average loss of glycogen during the incubation period was 38.5%o and the difference was highly significant (P < 0.001).
Effect of varying glucose "loads" on glycogen resynthesis. Cells suspended in glucose-free medium, or in medium supplemented with inadequate glucose, will degrade intracellular glycogen stores. If cells are presented increasing amounts of glucose, and glycogen content is measured before and after incubating with glucose, it would be possible to determine a glucose "load" at which the cell has enough glucose for immediate needs and glycogen levels remain stable. This type of experiment also allows an estimation of the glucose load which would permit maximal glycogen synthesis for this system.
Leukocyte suspensions were prepared and first incubated for 2 hr in Hanks' solution without glucose, so that glycogenolysis would take place. Samples were then taken for glycogen determination. At the end of 2 hr, varying amounts of sterile glucose were added to aliquots containing 4 Nutritional Biochemicals Corp., Cleveland, Ohio. 5 When the glucose "loads" for each experiment were converted to mg/100 ml of glucose in the medium, the concentrations corresponding to zero change in glycogen averaged 17.6 mg/100 ml for 60 min and less than 10 mg/100 ml for 30 min. Glucose concentrations resulting in maximum glycogen synthesis were in the range .of 200 mg/100 ml for 60 min and slightly above 100 mg/100 ml for the 30 min experiments.
The partition of intracellular glucose between glycogen synthesis and other pathways of utilization. Glucose-14C was used to determine the fate of the isotope which entered the leukocytes and either remained as glucose or became incorporated 346 R. B. Scott a----,"to kocyte glycogen were in a constant state of turnover the radioactivity previously incorporated would be progressively washed out by the entrance of nonradioactive glucose into glycogen during the period of incubation with nonradioactive glucose. As can be seen from Fig. 4 the glycogen content during the period of observation changed very little whereas the radioactivity of the isolated glycogen decreased progressively as shown by the specific activity curve, which indicated that nonradioactive glucose was being incorporated into glycogen without appreciable change in the total glycogen level.
Other experiments were performed to determine whether newly acquired glucose units were added in a random fashion throughout the glycogen molecule or through some more selective mechanism. Pulse-chase experiments were performed as illustrated in Fig. 5 . Leukocyte suspensions were incubated for 2 hr in adequate concentrations of radioactive glucose as shown in Fig. 5 . After the leukocyte glycogen was radioactive, the cells were washed rapidly and resuspended in medium containing no glucose so that glycogenolysis took place. If throughout the molecule and removed in a similar fashion, then the specific activity (cpm per mg glycogen) of the extracted glycogen would not change during a period of glycogenolysis. If the older glucose units (those present before the recent synthesis with radioactive glucose) were degraded first, then the specific activity of the glycogen would actually increase during a period of glycogenolysis. As can be seen in Fig. 5 the specific activity of the isolated glycogen decreased progressively during incubation in glucose free medium.
Stability of the protein "wachinery" for glycogen synthesis. Both the enzyme which synthesizes glycogen (glycogen synthetase) and the glycogenolytic enzyme (phosphorylase) are known to be closely attached to the glycogen molecule (14, 15) . It was of interest then to determine whether during conditions of glycogen synthesis and degradation these enzymes were degraded and resynthesized as well as the glycogen, or whether the "machinery" for glycogen metabolism was a stable structure. Puromycin at a concentration of 100 Kg/ml was found to stop leukocyte protein synthesis immediately in this system. Leukocyte suspensions were then incubated in glucose-free medium for 3 hr to deplete glycogen and then adequate concentrations of glucose were added and glycogen content measured during the following 2 hr. The suspensions were divided into three parts: one part being a control, the second having puromycin added at the same time as glucose, and the third having puromycin added at the beginning of the incubation in glucose-free medium. When puromycin was added at the time of glucose addition, there was no loss of capacity to synthesize glycogen. When we added puromycin at the beginning of the glucose-free incubation, adding glucose at 3 hr did not result in increased glycogen content of the cells.
Other experiments were done with actinomycin to determine whether glycogen resynthesis in this system depended on new RNA synthesis; actinomycin D at a concentration of 12.5 jug/ml was found to be adequate to stop new RNA synthesis after 20-40 min. Leukocyte suspensions were preincubated for 3 hr in glucose-free medium and after 160 min actinomycin D was added to half of this suspension. At 180 min adequate glucose was added to both control and actinomycin-treated Synthesis (5, 16) . Although the maximum level to which glycogen may be increased in the cells is not known, it was considered useful first to deplete a portion of the glycogen so that resynthesis then could be studied under conditions in which synthesis is very active.
Adding a given glucose "load" to the cell suspensions is useful in determining the levels at which glycogen synthesis is favored and the level at which maximal synthesis takes place, but this differs from the circulating blood where the glucose concentration remains relatively stable. When the data for glucose "loads" are converted in terms of mg/100 ml the level at which glycogen degradation is no longer necessary is 17.6 mg/100 ml for 60-min incubation and less than 10 mg/100 ml measured at 30 min. At glucose "loads" which provide maximal glycogen synthesis is this system the glucose concentration in the suspension was in the range of 200 mg/100 ml for the 60 min experiments and slightly above 100 mg/100 ml for the 30 min experiments. Since these concentrations are above that seen in the circulating blood normally, it is not surprising that further increases in glucose "loads" produced less glycogen synthesis.
The The experiments illustrated in Fig. 3 show that cells which have partly depleted glycogen stores will shunt sizeable amounts of available glucose into making new glycogen. The data do not account for glucose-'4C which was converted to lactate and equilibrated with the extracellular compartment nor the 14C which was lost as '4CO.. but show the partition between glvcogen and all other intracellular components. In the range of glucose "loads" at which maximumim glycogen synthesis took place, over 80%0 of the cell-bound glucose is found in glycogen at the end of a 1 hr incubation. At lower glucose "loads" which were inadequate to cause an increase in glycogen stores, there was still a significant percentage of the counts appearing in glycogen. This was true even at glucose "loads" which allowed active glycogen degradation. This was no doubt due in part to the fact that there is a constant glvcogen synthesis even though glycogenolysis pre(lomillates.
Also, as the amount of radioactive gflucose was decreased, the total radioactivity in glycogen became lower, and when expresse(l as a per cent of the total the figure may appear high dlue to a small amount of isotope simply trapped in the glycogen pellet.
The experiment pictured in Fig. 4 d(ocuments the fact that leukocyte glycogen is in a constant state of turnover with simultaneous synthesis and degradation. The experiment was performed utnder conditions in which the glycogen level remained nearly constant. During that time the radioactivity of previously labeled glycogen decreased, which indicated that nonradioactive glycogen was displacing the radioactive molecules from the glycogen macromolecules. A similar turnover of glycogen has been shown for liver (13). It has also been shown in the platelet, under conditions in which glycogen is being degraded, that glycogen synthesis is still taking place, so a similar dynamic state can be inferred for platelet glycogen (17) . One may assume that this is a general l)lphenomenon for glycogen metabolism. The experiment illustrated in Fig. 5 shows that newly formed glycogen is the first part of the molecule to be degraded when conditions change and glycogen degradation exceeds the rate of synthesis. It is assumed that the new glucose units are added to the outer shells of the glycogen molecule and the outer layers of the molecule are the regions of rapid turnover. This finding corroborates similar results of Seitz (5) . The same holds true for liver glycogen (18) . It is not known how rapidly or under what conditions the entire molecule might undergo a complete turnover. The experiment shows that after a 2 hr incubation glycogen was not uniformly labeled, indicating a turnover time in excess of 2 hr.
Glycogen exists in the cell not as a naked molecule but has at least two enzymes fixed to it. Glycogen synthetase and phosphorylase sediment with glycogen in the ultracentrifuge (14, 15) . Thus, the glycogen molecule and at least part of its enzymatic components form an organelle of sorts-an energy storage organelle. This concept of glycogen as part of an organelle requires that the machinery for controlling the glycogen level is a stable apparatus which is renewed slowly if at all. The data from the actinomycin and puromycin experiments support this concept. At least glycogen synthesis does not require new RNA or protein synthesis in order to take place. The lack of glycogen synthesis after cells had been exposed to ptironiycin for 3 hr can be interpreted in various ways. It may indicate that proteins involved in glycogen synthesis are renewed so slowly that the short-term experiment did not show it. After 3 hr, the cells may have been injured in nonspecific ways which prevented glycogen synthesis. Perhaps puromycin affects the enzymes of glycogen metabolism by mechanisms independent of protein synthesis, as suggested by Sovik (19) , and these effects are more delayed than the effects on protein synthesis. Sovik (20) has also shown that in muscle glycogen synthesis takes place normally in the presence of actinomycin.
A great deal more information needs to be learned about the glycogen-associated enzymes before a concept of a stable organelle can be substantiated. For instance, such a concept would require that the enzymes themselves be stabilized one to another and that they would remain associated with the last remaining chains of the glycogen molecule as it is degraded. Since glycogen begins to appear in the developing myelocyte (1, 2) , the enzymatic machinery may be synthesized at that time or even earlier in cell differentiation. Now that the conditions appropriate for glycogen synthesis in suspensions of granulocytes have been shown, and some aspects of the dynamic state of the molecule have been described, the system can be exploited further. The system should be useful in determining the activity and subcellular localization of enzymes associated with glycogen metabolism under conditions of varying glycogen stores, and methods of extracting glycogen can be perfected so that the physical state of the "native" molecule can be studied under various conditions.
